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The band structure and electronic properties in a series of vinylene-linked heterocyclic conducting 
polymers are investigated using density functional theory (DFT). In order to accurately calculate 
electronic band gaps, we utilize hybrid functionals with fully periodic boundary conditions to 
understand the effect of chemical functionalization on the electronic structure of these materials. The 
use of predictive first-principles calculations coupled with simple chemical arguments highlights the 
critical role that aromaticity plays in obtaining a low band gap polymer. Contrary to some approaches 
which erroneously attempt to lower the band gap by increasing the aromaticity of the polymer 
backbone, we show that being aromatic (or quinoidal) in itself does not insure a low band gap. Rather, 
an iterative approach which destabilizes the ground state of the parent polymer towards the aromatic ↔ 
quinoidal level-crossing on the potential energy surface is a more effective way of lowering the band 
gap in these conjugated systems. Our results highlight the use of predictive calculations guided by 
rational chemical intuition for designing low band gap polymers in photovoltaic materials. 
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1. Introduction 
Conducting polymers consisting of conjugated heterocyclic chains are one of the most 
frequently studied classes of organic materials due to their highly conjugated π-bonding systems, 
chemical stability, and tunable electronic properties. Although there has been significant progress in 
inorganic photovoltaic materials, much current research is now directed towards organic photovoltaics, 
which are potentially less expensive and easier to synthesize.1-4 In particular, the relative ease in 
functionalizing organic materials using various electron donor/acceptor groups5-9 allows the possibility 
of designing polymers with small band gaps intrinsic to the material itself, negating the need for further 
electrostatic doping of the system. Consequently, the increasing drive towards fully-organic systems has 
resulted in significant technological progress in next-generation organic field-effect transistors 
(OFETs),10-12 organic light-emitting diodes (OLEDs),13,14 and flexible photovoltaic materials.15-17 
The conventional approach to developing novel conducting polymers is based on the chemical 
intuition of synthetic chemists which has had significant success in the past, but is ultimately time-
consuming due to the nearly limitless number of promising candidate materials. Instead, the application 
of predictive computational design combined with chemical intuition leads to a rational and more 
efficient approach. From a practical point of view, the use of first-principles computational design to 
predict electronic properties beforehand offers significant advantages compared to the conventional 
approach: (1) it is inherently more time- and cost-efficient; and (2) it can dramatically reduce the 
number of promising synthetic targets for experimental design.18-21 An important area where theory 
should specifically contribute is the prediction and rational understanding of how different chemical 
functional groups modulate electronic properties (and spectroscopic observables22-25) in order to 
ultimately guide the organic synthesis.26-31 
 3
In this work, we investigate the band structure and electronic properties in vinylene-linked 
heterocyclic polymers using density functional theory (DFT) calculations. We primarily focus on 
vinylene-linked polymers since experimental efforts in our group have shown that the vinylene group 
significantly enhances π-conjugation by delocalizing electrons along the backbone, leading to 
heterocyclic polymers with very low band gaps. Furthermore, vinylene groups offer a more flexible 
polymer chain, which could improve solubility compared to directly-coupled aryl-aryl conjugated 
polymers. Our DFT calculations utilize hybrid functionals with fully periodic boundary conditions 
(PBC) to obtain accurate band gaps in these conjugated polymers. It is important to mention that there 
has already been several studies on heterocyclic polymers and their electronic properties;32-35 however, 
most of these studies primarily focused on isolated oligomers and did not address band-structure 
properties in a fully-periodic geometry. As a result, these oligomer calculations are only appropriate for 
molecular systems and do not capture the full electronic band structure as a function of electron 
momentum (i.e., molecular calculations on extended oligomers are incapable of determining whether a 
polymer has a direct (or indirect) band gap, which is an essential property for describing optoelectronic 
and electron-transport efficiencies in these systems). Indeed, the use of fully-periodic approaches for an 
accurate description of band structure and gap is mandatory since the modeling of systems using 
oligomers can introduce spurious border effects related to the finite size of the oligomer, potentially 
affecting the representation of the band structure (especially the conduction band36,37). 
Following calculations on various vinylene-linked heterocyclic polymers, we then examine the 
effect of modifying the aromaticity of the polymer backbone via a benzannulation reaction or a change 
in the heterocyclic functional group itself. We highlight the importance of aromaticity in designing a 
low band gap polymer, and give rational guidance on designing a low band gap polymer using simple 
chemical arguments coupled with an iterative DFT evaluation of electronic properties. Our approach 
closely follows the analysis by Kertesz, et al.38 and strongly emphasizes the somewhat non-intuitive 
idea that increasing the aromaticity of the polymer backbone (or even being aromatic in itself!) does not 
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insure a small band gap. Rather, the destabilization of the ground state to shift molecular orbitals 
towards an aromatic ↔ quinoidal level-crossing on the potential energy surface will effectively 
decrease the band gap in these conjugated polymers. Finally, we show that the vinylene-linked, 
benzannulated pyrrole polymer is an interesting building block for further synthetic experiments, and 
we discuss the implications for rationally tuning the electronic properties in this conjugated system.  
 
2. Computational Details 
The semiconducting polymers analyzed in this work are shown in Figures 1(a) and 1(b). These 
particular polymers were chosen since they form a representative set of first- and second-row 
heterocycles which are also synthetically accessible. Our quantum chemical calculations consisted of 
two separate parts: (1) computation of electronic band structures and bond length alternation (BLA)39-42 
values using hybrid DFT with periodic boundary conditions and (2) evaluation of nucleus-independent 
chemical shift (NICS(1)) values43 for optimized oligomers built from 9 monomer subunits. We describe 
each of these different types of calculations below. 
Periodic Boundary Calculations on Polymers. All DFT calculations with periodic boundary 
calculations were carried out with the B3LYP hybrid functional which incorporates a fixed combination 
of 20% Hartree-Fock exchange and Becke’s GGA correlation correction.44 It is well-known that pure 
local and gradient-corrected functionals (i.e., LDA and PBE) severely underestimate semiconductor 
band gaps and do not account for excitonic effects,45-47 while hybrid functionals partially overcome this 
problem by mixing in a fraction of nonlocal Hartree-Fock exchange.48 We should also mention at this 
point that recent methodological progress has been made in using range-separated DFT techniques for 
both molecular applications30,31,47,49-52 and periodic organic systems.53-56 In particular, the recent Heyd-
Scuseria-Ernzerhof (HSE) functional56 incorporates a screened Hartree-Fock interaction for small 
distances and is, therefore, more computationally efficient than traditional hybrid functionals. We 
initially used the HSE functional (with the original recommended screening parameter of ω = 0.11 a0-1) 
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to compute the electronic properties of our polymers, but found that the B3LYP functional demonstrated 
better agreement with experimental band gaps of polythiophene (experimental57: 2.1 eV, HSE: 1.68 eV, 
B3LYP: 2.04 eV, BHHLYP: 3.90 eV). The good agreement between B3LYP and experimental band 
gaps for semiconducting polymers has also been demonstrated very recently in the theoretical study of 
periodic organic polymers by Janesko.58 Based on these studies, we have chosen the B3LYP functional 
since it also provides a balanced description of band gaps and excitonic effects in conjugated systems45 
(see Section 3.1, however, for some caveats of using B3LYP on calculating BLA and NICS(1) values). 
For this work, the infinite-chain polymer geometries and their unit cells were optimized at the 
B3LYP/6-31G(d,p) level of theory using one-dimensional periodic boundary conditions (reference 
Cartesian coordinates and total energies can be found in the Supporting Information). At the optimized 
periodic geometries, the BLA for each polymer was computed by taking the difference between the 
bond length of the (nominal) C–C linker bond attached to the heterocyclic ring and the adjacent 
vinylene linker group (i.e., BLA = RC–C – Rvinylene). According to our chosen definition of the BLA, 
polymers with a small positive alternation show aromatic behavior while negative BLA values indicate 
quinoidal character. At the optimized geometries, a band structure calculation was performed with a 
larger 6-311G(d,p) basis set using 100 k points along the Brillouin zone. In our single-point calculations 
with the large triple-zeta 6-311G(d,p) basis set, we found that the use of larger or more diffuse basis sets 
did not significantly improve electronic properties, especially when periodic boundary conditions were 
used.59 All calculations were performed with Gaussian 09.60 
NICS(1) Calculations on Oligomers. To give a quantitative measure of π-electron 
delocalization in these heterocyclic systems, we also calculated NICS(1) values to provide a relative 
comparison of aromaticity among all of the polymers. In the NICS(1) procedure suggested by Schleyer 
et al.43 and extensively reviewed by Bachrach,61 the absolute magnetic shielding is computed at 1 Ǻ 
above and 1 Ǻ below the geometric center of the ring (for the heterocyclic rings in this work, we define 
their center as the nonweighted mean of the heavy atom coordinates). In order to correspond with the 
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NMR chemical shift convention, the sign of the absolute magnetic shielding is reversed to give the 
NICS(1) value. Similar to the BLA values, the resulting average NICS(1) values also give an electronic 
measure of π-orbital aromaticity, with more negative NICS(1) values denoting aromaticity, and more 
positive values corresponding to quinoidal character.43,46,61 Since the available implementation of 
magnetic shieldings is restricted to molecules in Gaussian 09, we performed NICS(1) calculations on 
oligomeric sections for all of our polymers. A convergence study was done as a function of oligomer 
length, and we found that the NICS(1) values in the center of the oligomer did not change appreciably 
when the length reached 9 monomer subunits. We therefore took the NICS(1) values in the middle unit 
as being representative for the infinite polymer chain (we should also note that an extrapolation of the 
NICS(1) value as a function of the inverse number of unit cells, 1/n, could also be used to accurately 
evaluate the infinite-length NICS(1) limit by using only a series of small oligomers, i.e., n = 1 – 5).62 
Geometries for all 18 nonamers were optimized at the B3LYP/6-31G(d,p) level of theory without 
symmetry constraints (reference Cartesian coordinates and total energies can be found in the Supporting 
Information). At the optimized geometries, NICS(1) values were calculated with a larger 6-311G(d,p) 
basis set for each of the rings within the middle segment of the nonamer.  
 
3. Results and Discussion 
3.1. Band gaps, BLA, and NICS(1) values 
 In each of the optimized infinite-chain polymers, the carbon atoms in the heterocycle become 
coplanar with the vinylene linking unit, indicating a strong conjugation across the valence π orbitals of 
the C=C double bonds. In Table 1, we compare the band gaps, BLA, and NICS(1) values among the 
five-membered heterocyclic polymers, and Table 2 gives the corresponding information for the 
benzannulated polymers. As described in Section 2, the BLA values in both tables were evaluated from 
the optimized periodic geometries, while the NICS(1) values were calculated for rings in the middle of 
the isolated nonamer subunit. As a reference point in this work, the NICS(1) value for isolated benzene 
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at the B3LYP/6-311G(d,p) level of theory is -11.1 ppm. It is important to mention at this point, 
however, a few caveats of using the B3LYP functional for calculating the band gaps, BLA, and NICS(1) 
values listed in Tables 1 and 2. While our previous comparison between B3LYP and experimental band 
gaps for polythiophene (Section 2) yielded exceptional accuracy, this direct comparison may be a 
fortuitous cancellation of several effects as it is well-known that B3LYP is less successful in describing 
other properties such as the BLA.49,62-64 Indeed, for a few test cases on our five-membered heterocyclic 
polymers, we found that our B3LYP-derived BLA values (which incorporate 20% Hartree-Fock 
exchange) were underestimated with respect to BHHLYP calculations (defined with 50% Hartree-Fock 
exchange), in agreement with other previous studies.62-64 Similarly, we also found that our B3LYP 
NICS(1) values were more positive than the BHHLYP ones, which is largely due to the different 
amounts of Hartree-Fock exchange in each functional.62 In our benchmark cases, however, we found 
that the relative ordering of electronic properties for both B3LYP and BHHLYP were identical (i.e., 
there was no re-ordering of band gaps, BLA, or NICS(1) values between polymer species when using 
either functional), and that the overall trends in our B3LYP calculations were unaffected. A proper 
theoretical treatment to obtain both band gaps and accurate BLA values would require periodic-
geometry optimizations and electronic properties at either the GW65 or CCSD(T) level of theory 
(including possible effects such as molecular disorder and defects), which is beyond both the scope of 
the present paper and current computational technology. However, it is clear that our periodic B3LYP 
approach gives more realistic properties compared to widely-used LDA or GGA calculations, and our 
tabulated values are a reasonable choice for parametric studies on our large series of polymers. 
To provide further insight into electronic properties, we also plot the band structure along the 
irreducible Brillouin zone (defined by the points Γ and X) for each of the polymers. The electronic band 
structure gives a panoramic view of electronic energies and delocalization in each of the polymer 
systems. Specifically, the width of a particular electronic band reflects its orbital interactions along the 
polymer chain, with wide bands denoting delocalization and narrow bands corresponding to 
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localization/small orbital overlap. For each of the different polymers, we found that their electronic 
band structures showed they were all semiconductors with a direct band gap at the Γ symmetry point (it 
should be noted, however, that not all one-dimensional polymers have direct band gaps; for example, 
several ladder-type polymers such as the fused polyborole structures in Ref. 66 have indirect band 
gaps). Figures 2(a) and 2(b) display the band structure for poly-pyrrole, poly-cyclopentadiene, and their 
benzannulated versions. Since all of our band structures show semiconducting behavior at 0 K, the 
Fermi energy in these semiconductors is by definition not unique,67 and any energy in the gap can be 
chosen as the Fermi level (i.e., any energy in the gap separates occupied from unoccupied levels at 0 K). 
Therefore, we have arbitrarily chosen the Fermi energy level to lie at the top of the occupied valence 
bands in all of our figures. The band structures for all of the other polymers can be found in the 
Supporting Information. 
 
3.2. Five-membered heterocyclic polymers 
For the five-membered heterocyclic polymers in this work, Table 1 shows that the band gaps 
roughly correlate with the π-donor strengths (e.g. Hammett σ values68) of the functional group. 
Specifically, the band gaps for these polymers increase in the following order: CH2 < PCH3 < Se < 
SiH2, S, PCH3O < O < NH << BCH3. Boron is significantly different than the other polymers since it 
has two electrons less per ring and is highly quinoid. From the tabulated BLA and NICS(1) values, we 
also note that there is a noticeable correlation (though it is not perfect) between the band gap and 
aromaticity of the heterocycle. With the exception of boron, the energy gaps are smaller for the 
polymers built from non-aromatic heterocycles. For these polymers, the lowering of the band gap results 
from a stabilization of the lowest unoccupied crystal orbital (LUCO) compared to their aromatic 
counterparts (cf. band structures for NH vs. CH2).  
 
3.3. Benzannulated polymers 
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 Next, we consider the electronic properties of the benzannulated polymers listed in Table 2. In 
comparing the results of the previous section, we note a drastic re-ordering of energy gaps and 
electronic properties. For the benzannulated polymers, the band gaps increase in the following order: 
NH << O, S < Se < PCH3, BCH3 < CH2 < SiH2 < PCH3O. In particular, we find that the band gap of 
benzannulated poly-pyrrole (NH functional group) is considerably reduced compared to its non-
benzannulated form. It is interesting to note that all of the benzannulated polymers with large band gaps 
also have band structures with very narrow LUCO bandwidths (cf figures in the Supporting 
Information). In other words, since the LUCO bandwidth is small, the conduction orbitals are highly 
localized (small orbital overlap), and electron mobility in these polymers will also be very low. From 
these results, some questions naturally arise: Why does the fusion of a benzene ring result in such a 
drastic band-gap reordering for the benzannulated polymers? Can we understand these effects to design 
a low-band-gap polymer using a combination of chemical intuition and first-principles calculations? In 
order to answer these questions, we must take a closer look at the variations in aromatic character 
within the polymers. 
First, in each of the non-benzannulated heterocyclic polymers (regardless of the type of 
heteroatom), an electronic competition exists between maintaining the aromaticity of the individual 
heterocyclic rings versus delocalization along the backbone chain. It is also important to realize that the 
ground state of a given polymer is not always the aromatic configuration; i.e., the lowest-energy ground 
state may actually be quinoid, depending on the type of heteroatom. For example, the ground state of 
poly-pyrrole is highly aromatic, as demonstrated by its large, negative NICS(1) value in Table 1. 
Disrupting the aromaticity of this heterocycle causes a transition through a level-crossing to a quinoid 
form which lies higher in energy. Figure 3(a) shows a schematic of the highest occupied crystal orbitals 
(HOCOs) and LUCOs connecting the aromatic and quinoid forms through a level-crossing for poly-
pyrrole (notice that all double and single bonds in the aromatic form transform into single and double 
bonds respectively in the quinoid structure, which is consistent with our definition of the BLA in 
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Section 2). In contrast, the ground state of poly-cyclopentadiene (CH2 functional group) is quinoidal, 
with a NICS(1) value of -3.0 ppm. As such, disrupting the quinoidal structure of poly-cyclopentadiene 
creates an aromatic form which actually lies higher in energy, as shown in Figure 3(b) (for both Figures 
3(a) and 3(b), we arbitrarily define the reaction coordinate to point in the direction of increasing quinoid 
character. For example, if the BLA is chosen as the reaction coordinate, its zero-point reference 
delineates the aromatic/quinoidal boundary with small positive BLAs showing aromatic behavior and 
negative BLA values indicating quinoidal character). In both the poly-pyrrole and poly-cyclopentadiene 
examples, destabilizing the ground state creates a new polymer with a lower band gap: the HOCO of the 
new polymer is raised in energy due to this destabilization, and the LUCO of the new polymer is 
lowered since it has the same orbital configuration (cf. orbital lobes in Figures 3(a) and 3(b)) as the 
ground-state HOCO in the original stable polymer.  
When a five-membered polymer is benzannulated, the resulting band gap will either increase or 
decrease depending on the aromaticity of the original parent polymer. During the benzannulation, a new 
electronic competition exists between maintaining the aromaticity of the fused benzene ring versus that 
of the heterocycle. Since the benzene ring (usually) has a larger resonance energy than the heterocycle, 
the heterocycle will adopt additional quinoid character to maintain the aromaticity of benzene. These 
facts coupled with first-principles calculations can be used as a qualitative guideline for designing new 
conjugated polymers with small intrinsic band gaps. Returning to our example of poly-pyrrole, we recall 
that the ground state of this polymer is highly aromatic. Fusing a benzene ring onto pyrrole will 
destabilize the parent polymer by increasing the quinoidal character of the pyrrole ring. Consequently, 
the benzannulation procedure shifts the orbitals towards a level-crossing which simultaneously 
destabilizes the HOCO and stabilizes the LUCO to yield a reduced band gap as depicted in Figure 4(a) 
(notice the similarities in crystal orbitals between Figures 3(a) and 4(a)). In contrast, the ground state of 
the poly-cyclopentadiene parent polymer is the quinoidal form. Fusing a benzene ring onto 
cyclopentadiene will still increase the quinoidal character of cyclopentadiene; however, since the 
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ground state of the parent polymer already favors the quinoidal structure, the benzannulation procedure 
shifts the orbitals away from the level-crossing to further stabilize the parent polymer (notice the 
difference in crystal orbitals between Figures 3(b) and 4(b)). As a result, the HOCO is stabilized even 
further, and the LUCO is destabilized to yield a very large band gap. A similar rearrangement of band 
gaps is also observed for the other five-membered heterocyclic polymers as they are benzannulated. 
Comparing the band gaps listed in Tables 1 and 2, heterocycles which are aromatic (i.e., NH, O, S, and 
Se) undergo a band-gap lowering in their benzannulated forms. In contrast, heterocycles (with the 
exception of boron) which are quinoidal in the ground state yield large band gaps under benzannulation. 
Lastly, to emphasize that destabilization of the ground state (i.e. moving towards a level-
crossing) is key to designing a low-band-gap polymer and that being aromatic or quinoidal in itself does 
not insure a small band gap, we extend our previous example of benzannulated poly-pyrrole. As 
mentioned previously, the ground state of poly-pyrrole is aromatic; after benzannulation, a new low-
band-gap polymer is formed whose ground state favors a quinoidal pyrrole ring. In order to further 
reduce the band gap of benzannulated poly-pyrrole, it is tempting to fuse additional benzene rings to 
increase the quinoidal character of the pyrrole ring even further. However, this procedure actually 
increases the band gap instead of lowering it, as demonstrated by the periodic B3LYP/6-311G(d,p) 
calculations listed in Figure 5. This evolution of band gap energies as a function of increasing quinoidal 
character in poly-pyrrole is also completely consistent with the overall trends in our other polymer 
species. In Figure 6, we plot the band gaps for both the five-membered and benzannulated heterocyclic 
polymers as a function of the BLA (note that in order to maintain consistency between our definitions of 
the BLA [Section 2] and the direction of the reaction coordinate [Section 3.3], the reaction coordinate in 
Figure 6 must point towards the left). The BLA = 0 reference point delineates the aromatic/quinoidal 
boundary with small positive BLAs showing aromatic behavior and negative BLA values indicating 
quinoidal character. As can be easily seen in Figure 6, being aromatic or quinoidal in itself (as indicated 
by the sign of the BLA) does not insure a low band gap. In fact, further increasing the aromatic or 
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quinoidal character of the polymer by moving away from the BLA = 0 reference point (i.e. via repeated 
benzannulation of pyrrole) will only increase the band gap. Based on these simple trends between 
aromatic and quinoidal properties, we can construct the general band gap diagram shown in Figure 7 
(note the overall similarity with Figure 6). In this very general schematic, the band gap in the lower 
panel is plotted continuously as a function of a generalized reaction coordinate, whose orientation we 
have chosen to point in the direction of increasing quinoid character (consistent with Figures 3 – 4). The 
band gap of the polymer attains its lowest value when the reaction coordinate is at the level-
crossing/avoided-crossing denoted by ropt, which separates aromatic from quinoidal character. Returning 
to our example of poly-pyrrole, the ground state of this (non-benzannulated) aromatic polymer lies to 
the far left of ropt in the band gap diagram. The first benzannulation of pyrrole increases quinoidal 
character and shifts the system closer to ropt, effectively lowering the band gap. Fusing additional 
benzene rings will increase quinoidal character even more and move the system further to the right of 
ropt, resulting in larger band gaps with each additional benzene ring. These results, in conjunction with 
Figures 6 – 7, clearly emphasize that the relative distance from the level-crossing, r – ropt directly affects 
the band gap, and not its sign (the sign of r – ropt indicates absolute aromatic/quinoidal character only). 
In order to reduce the band gap of benzannulated poly-pyrrole, one must destabilize the ground state to 
shift its orbitals back toward the level-crossing. Since the ground state of benzannulated poly-pyrrole is 
the quinoidal form, the band gap can be lowered by increasing its aromatic character in the next 
chemical-functionalization step. 
 
Conclusion 
 In this study, we have investigated the band structure and electronic properties in a series of 
vinylene-linked organic polymers for photovoltaic applications. To understand and accurately predict 
the electronic properties in these materials, we utilized hybrid functionals with fully periodic boundary 
conditions (PBC) in conjunction with BLA and NICS(1) calculations to rationalize the critical role that 
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aromaticity plays in these polymers. The use of predictive first-principles calculations coupled with 
chemical intuition is a promising route to designing a low band gap polymer, avoiding time-consuming 
experimental efforts that could lead to inefficient materials. More specifically, our results strongly 
emphasize that increasing the aromaticity of the polymer backbone (an erroneous approach which is 
sometimes followed in synthetic attempts) does not insure a low band gap. Instead, the destabilization 
of the ground state in the parent polymer towards the aromatic ↔ quinoidal level-crossing is a more 
effective way of lowering the band gap in these conjugated systems. Finally, based on our discussion of 
level-crossings and their effect on band gaps, we also draw attention towards the vinylene-linked, 
benzannulated pyrrole polymer as a low band gap material with very interesting electronic properties. 
Further tuning of the HOCO and LUCO energy levels to ensure air-oxidation strength of the pyrrole 
system would offer additional promising opportunities in low band gap polymer synthesis. Our 
computational screening methodology, coupled with chemical intuition on competing 
aromatic/quinoidal effects, allows a rational approach to designing low band gap semiconducting 
polymers for guided experimental efforts. 
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TABLE 1: Band gaps, bond length alternations, and NICS(1) values for vinylene-linked heterocyclic 
polymers. 
 
 
(functional group X) Band Gap (eV)a
Bond Length 
Alternation (Å)b 
Heterocyclic 
Ring NICS(1) 
(ppm)c 
BCH3 2.38 -0.059 0.0 
CH2 1.12 0.054 -3.0 
NH 1.85 0.073 -8.2 
O 1.76 0.066 -7.6 
PCH3 1.22 -0.050 -3.9 
PCH3O 1.68 -0.066 -1.9 
SiH2 1.65 -0.061 -0.8 
S 1.68 0.074 -7.5 
Se 1.57 0.069 -6.6 
aComputed from periodic B3LYP/6-311G(d,p) single-point energy calculations on periodic B3LYP/6-
31G(d,p)-optimized geometries 
bDifference in bond length between the C–C bond and the adjacent vinylene linker group (RC–C – 
Rvinylene); computed from periodic B3LYP/6-31G(d,p)-optimized geometries 
cComputed from B3LYP/6-311G(d,p) NICS(1) calculations on B3LYP/6-31G(d,p)-optimized 
geometries for an isolated nonamer subunit. As a reference point in this work, the NICS(1) value for 
isolated benzene at the B3LYP/6-311G(d,p) level of theory is -11.1 ppm 
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TABLE 2: Band gaps, bond length alternations, and NICS(1) values for vinylene-linked, benzannulated 
heterocyclic polymers. 
 
 
(functional group X) Band Gap (eV)a 
Bond Length 
Alternation (Å)b 
Heterocyclic Ring 
NICS(1)           
(ppm)c 
Benzene Ring 
NICS(1)      
(ppm)c 
BCH3 2.30 -0.062 0.1 -7.9 
CH2 2.44 -0.077 -2.2 -8.7 
NH 0.82 -0.036 -8.9 -8.9 
O 1.47 -0.061 -5.3 -8.9 
PCH3 2.28 -0.072 -2.2 -8.7 
PCH3O 2.76 -0.082 -1.9 -8.7 
SiH2 2.64 -0.077 -1.3 -8.4 
S 1.49 -0.056 -4.7 -9.2 
Se 1.60 -0.061 -3.9 -9.2 
aComputed from periodic B3LYP/6-311G(d,p) single-point energy calculations on periodic B3LYP/6-
31G(d,p)-optimized geometries 
bDifference in bond length between the C–C bond and the adjacent vinylene linker group (RC–C – 
Rvinylene); computed from periodic B3LYP/6-31G(d,p)-optimized geometries 
cComputed from B3LYP/6-311G(d,p) NICS(1) calculations on B3LYP/6-31G(d,p)-optimized 
geometries for an isolated nonamer subunit. As a reference point in this work, the NICS(1) value for 
isolated benzene at the B3LYP/6-311G(d,p) level of theory is -11.1 ppm 
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Figure captions 
Figure 1. Molecular structures of (a) five-membered heterocyclic polymers and (b) benzannulated 
heterocyclic polymers. In each of these polymers, vinylene linkage groups connect adjacent monomer 
units along the backbone chain. 
Figure 2. Electronic band structures for (a) poly-pyrrole, (b) poly-cyclopentadiene, and their 
benzannulated versions. The lower blue lines denote valence bands, and the upper red lines represent 
conduction bands. The dashed horizontal line indicates the position of the Fermi energy in the polymer. 
All band structures were calculated using a 100 k-point mesh obtained from B3LYP/6-311G(d,p) 
periodic DFT calculations. 
Figure 3. Cartoon of HOCOs and LUCOs for (a) poly-pyrrole and (b) poly-cyclopentadiene. The 
ground state of poly-pyrrole is aromatic; destabilization of this state moves the system through a level-
crossing to a higher-lying quinoid form, effectively reducing the band gap.  In contrast, the ground state 
of poly-cyclopentadiene is quinoid, and destabilizing its electronic character creates an aromatic form 
which lies higher in energy (also reducing the band gap). 
Figure 4. HOCOs and LUCOs depicting the benzannulation of (a) poly-pyrrole and (b) poly-
cyclopentadiene. Fusing a benzene ring onto poly-pyrrole destabilizes the HOCO and stabilizes the 
LUCO, effectively reducing the band gap. However, the same benzannulation procedure stabilizes the 
HOCO of poly-cyclopentadiene even further and moves the orbitals away from the level-crossing, 
resulting in a very large band gap. 
Figure 5. Evolution of band gaps for poly-pyrrole and its derivatives from B3LYP/6-311G(d,p) 
periodic DFT calculations. The addition of one benzene ring shifts the system closer to an energy level-
crossing, resulting in a small band gap; however, the fusion of additional benzene rings moves the 
system further away from the level-crossing, effectively increasing the band gap (see Figure 7). 
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Figure 6. Correlation between band gaps and bond length alternation (BLA) values for both the five-
membered heterocyclic polymers and the benzannulated heterocyclic polymers. In each case, the band 
gap of the polymer attains its lowest value when the BLA approaches zero. 
Figure 7. Schematic of band gap energies as a function of increasing aromatic/quinoidal character. The 
band gap of a polymer attains its lowest value when the reaction coordinate is at the level-crossing 
denoted by ropt (note the overall similarity with Figure 6). Controlling the relative distance from the 
level-crossing, r – ropt, is key to designing a low-band-gap polymer; being aromatic or quinoidal in itself 
(represented by the sign of r – ropt) does not insure a small band gap. 
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